This study investigates gneissic tectonites of different mechanical origins, and aims at unravelling the link between microstructures, white mica chemistry and K-Ar data. The highest temperature mylonitic deformation, which is investigated, is dominated by dislocation creep in monomineralic quartz, and viscous granular flow in polymineralic domains. These mylonites show homogenous mineral chemistry, resulting in robust and consistent K-Ar age data. The lowest temperature deformation investigated, is that of a retrograde brittle deformation, producing cohesionless fault gouges. Within the cohesionless fault gouges, frictional granular flow is considered as the main deformation mechanism. The K-bearing phases inside the fault gouges record no chemical resetting during this brittle overprint, but contain mechanically fragmented K-bearing micas and significant amounts of newly produced smectite. This yields K-Ar ages inside of a gouge that are in the range of adjacent mylonite ages, and may not represent the timing of gouge formation. In an effort to understand these uncertainties in K-Ar ages, detailed observations of the microstructural context of K-bearing white mica were made. Microstructural criteria in combination with quantitative element mapping allowed for the discrimination of five important mica-related processes: (1) fracturing/recrystallization of white mica; (2) (re)-precipitation of new fine-grained white mica inside the deforming rock matrix; (3) pseudomorphic replacement of precursor minerals by white mica and chlorite; (4) pseudomorphic replacement of pre-existing white mica without grain size reduction; and (5) remnant grains. The combination of these different processes led to a high variability in mineral chemistry and isotope data for tectonites, which relates directly to variations in the size of the equilibrium volumes. Despite the samples being highly deformed in the presence of fluids, inherited sheet silicates may survive. If inherited sheet silicates are present they contribute to an increase in both the chemical heterogeneity and the apparent K-Ar ages of a sample.
Introduction
Detailed knowledge of chemical and isotopic equilibrium is essential for the reconstruction of temperature-time paths. In this context, the use of chronometers and thermometers depends on the identification of equilibrium volumes and their correlation to specific geological events. The identification of such equilibration volumes is related to the system of interest (e.g., mineral-chemistry, isotopic data, fluid/rockequilibrium, etc.) and in many cases local bulk and mineral compositions are used to model such equilibria (e.g., Vidal et al., 2006; Agard et al., 2010; Lanari et al., 2012; Lanari and Engi, 2017) . In general, larger equilibrium volumes are reported at higher temperatures, in the presence of fluids and in highly deformed rocks (e.g., Wintsch, 1985; Carlson, 2010; Hobbs et al., 2010) . These parameters are not independent, because many re-equilibration processes (i.e., deformation, inter-and intragranular diffusion, pseudomorphic replacement by dissolution-precipitation) are closely linked to temperature and fluid availability (Airaghi et al., 2017) . In low-temperature deformation regimes, a high partitioning occurs between brittle quartz-feldspars and viscous deforming sheet silicates. Therefore, the identification of equilibrium volumes is important for pressure-temperature-time estimates. This is well investigated for higher-grade metamorphic conditions using characteristic metamorphic minerals. This study focuses on white micas, which are ubiquitous minerals present over a large temperature interval from amphibolite facies down to very-low-grade conditions (Dubacq et al., 2010 and references therein) . They are also of special importance as they strongly influence the rheology of fault rocks (e.g., Faulkner et al., 2010) .
Knowledge of equilibration volumes requires precise data on mineral-chemistry in order to identify isochemical volumes and to reconstruct physio-chemical conditions (e.g., McAleer et al., 2017; Scheffer et al., 2016; Cantarero et al., 2014; Lanari et al., 2012) . In this study, we limit ourselves to the description of sheet-silicates. This mineral group is important as a thermo-barometer (e.g., Vidal and Parra, 2000; Parra et al., 2002; Dubacq et al., 2010) and is useful for dating by the Ar-system (e.g., Reichenbach and Rich, 1969; Kelley, 1988; Villa, 1998; van der Pluijm et al., 2001; Mulch et al., 2002; Rolland et al., 2009; Zwingmann et al., 2010; Sanchez et al., 2011; Derkowski et al., 2014; Lanari et al., 2014b; Kellett et al., 2016; Viola et al., 2016; Mancktelow et al., 2016) . The link between microstructures, chemical and isotopic data provides insights in potential equilibrium volumes.
For this purpose, the well-investigated Aar-massif (Central Alps, Switzerland; e.g., Wehrens et al., 2016 Wehrens et al., , 2017 Rolland et al., 2009; Challandes et al., 2008; Kammer, 1989 ) was utilized as a natural laboratory to investigate a link between microstructures, chemical and isotopic data and equilibrium volumes. The Aar-massif has a large distribution of strain and within the exhumed mid-crustal basement there are preserved different tectonites (mylonites, cataclasites and fault gouges). A complementary workflow of, quantitative element mapping, grain size sensitive isotope analysis and SEM-based microstructural investigations were applied to a suite of tectonites samples from upper greenschist-facies mylonites to cohesionless fault gouges. In addition, the results from equilibrium assumptions were compared with independent geological information. Furthermore, the use of structural overprinting relationships provided an independent data set, allowing for the reconstruction of a relative temperature-deformation (T-D) path.
Geological setting and structural inventory
The Aar massif is one of the largest external massifs of the Alps. It is mainly composed of pre-Variscan polymetamorphic gneisses, which were intruded by post-Variscan granitoids (Labhart, 1977; Abrecht, 1994; Schaltegger, 1994) . At the Northern boundary these basement rocks are in contact with autochthonous cover consisting of a Mesozoic sedimentary sequence. The valley "Haslital" in the center of the Aar massif transects through all these different units ( Figs. 1 and 2 ).
Multiple stages of deformation, from Ordovician to Alpine, affected the pre-Variscan basement rocks (Stalder, 1964; Steck, 1968; Schaltegger, 1993; Schaltegger et al., 2003) . Within the post-Variscan intrusives only Alpine deformation has been detected. An Alpine deformation and metamorphic gradient was proposed from north to south (e.g., Frey et al., 1980; Choukroune and Gapais, 1983; Bambauer et al., 2005; Wehrens et al., 2017) . The north is characterized by lowest greenschist facies metamorphism, whereas in the south upper greenschist facies conditions prevailed (Bambauer et al., 2005; Bousquet et al., 2012; Challandes et al., 2008; Frey and Ferreiro Mählmann, 1999; Goncalves et al., 2012) . The Alpine deformation in the Haslital section of the Aar-massif can be subdivided into four major deformation stages ( Figs. 1 and 2 ; Wehrens et al., 2017) : (1) Handegg-, (2) Oberaar-, (3) Pfaffenchopf-, and (4) Gadmen-deformation. The Handegg-deformation is present over the complete section of the Aar massif and is characterized by steep-reverse faulting ( Fig. 2 ; Herwegh et al., 2017; Wehrens et al., 2016 Wehrens et al., , 2017 Rolland et al., 2009; Kammer, 1989; Steck, 1968) . These are dominant SW-NE striking steep reverse/normal shear zones and faults with down-dip lineations. The Handegg structures can be well characterized in the post-Variscan plutons. These shear zones show subgrain-rotation recrystallisation in quartz and newly formed white mica in the intermediate and high temperature range Rolland et al., 2009 ). The Handegg shear zones in the central and southern part of the massif cover temperatures in the stability field of biotite, but are also active to lower temperatures. In the southern area, the Handegg deformation is overprinted by the Oberaar deformation. This deformation is characterized by ductile strike-slip deformation (e.g., Rolland et al., 2009 ). In addition, the Pfaffenchopf deformation crosscut the Handegg shear zones in the northern Aarmassif (Fig. 2) . The Pfaffenchopf structures are characterized by more moderately south dipping thrust planes ( Fig. 2 ; Herwegh et al., 2014 Herwegh et al., , 2017 Kammer, 1989; Labhart, 1966) . The Pfaffenchopf deformation affects basement and Mesozoic sediments, which result in local carbonate mylonites that show dynamic recrystallization of calcite. In the basement, the shear zones and schistosity are characterized by the frictional-viscous transition. In most examples quartz deformed in a brittle manner, but in some cases local bulging recrystallization can be inferred. The main processes are re/neocrystallization of white mica and chlorite. The Gadmen-structures are represented by brittle faults, gouges and a weak brittle schistosity. They crosscut the Handegg-and Pfaffenchopf-deformation, and in the northern area the fault gouges have been investigated in underground facilities. In the area further south, brittle deformation is also frequent, but the crosscutting relationship to the older deformation is not clear. Some of the brittle structures may also represent continuous deformation of the Handeggand/or Oberaar deformation.
It is the P-T variations with time, across of the northern and southern regions of the Haslital area, that are key to understanding recrystallization processes and potential Ar-loss in mica. The southern Aar-massif is well investigated and peak P-T conditions of~450°C and 6 kbar are established there (Goncalves et al., 2012) . This is consistent with δO 18 thermometery (Fourcade et al., 1989) and observations of the transition from microcline to sanidine (Bambauer et al., 2005) . The central part of the Aar-massif represents the transition between maximal temperatures of 450°C to the very low-grade conditions at the northern border (see below). This transition is characterized by the "biotite-in" and the "stilpnomelan-out" isogrades (Steck and Burri, 1971; Niggli and Niggli, 1965; Jäger et al., 1961) . From these conditions in the center, a steep gradient developed toward the northern end of the massif (Fig. 2) . The northern rim is related to a lower maximal temperature of 250-300°C and a pressure in the range of 2-3 kbar (Frey et al., 1980) . The samples selected for this investigation are from south of the "biotite-in" isograde ( Fig. 1 ).
Sample location and description
Samples from mylonites to fault gouges are located along the above described temperature gradient (Figs. 1, 2 and Table 1 ). The tectonites can be subdivided into three major groups: (1) intermediate temperature granitoid mylonites, which are dominated by dislocation creep in quartz layers and viscous granular flow in polymineralic domains; (2) gneissic low temperature mylonites, in which there is the brittle deformation of quartz and feldspar and viscous deformation of sheet silicates; and (3) cohesionless fault gouges which are the product of brittle deformation. Along the deformation-temperature gradients, mineralogy, grain size and deformation mechanisms changed (Figs. 2 and  3) .
The dominant deformation mechanisms are also connected to different deformation stages (see Section 2; Fig. 2 ). The mylonite samples are located in the Central Aar-granite (Fig. 1) . Sample GRS05 is related to Handegg deformation and involves dislocation creep in quartz layers and viscous granular flow in a compositionally mixed matrix. At the sample-location the shear zone consists of a 50 cm wide mylonite with a strain gradient toward the undeformed Central Aar granite. The shear zone can be traced for several kilometers along strike. Sample GRS06 originates from a nearby strike slip shear zone of several meters width and kilometers length ( Table 1 ). The schistose host rock is cut by intercalations of bands of (i) mylonitic quartz and (ii) quartz-white mica (Fig. 4) . These bands inside the host developed due to hydrothermal activity and are interpreted as synkinematic veins. The host-rock has a granitic composition for these mylonites. To some degree a polymineralic fine-grained matrix has developed consisting of recrystallized quartz, mica, and feldspar. There is a preferentially alignment of both white mica and biotite. Dynamically recrystallized grain sizes in the pure quartz bands and the schistose granitoid are comparable. In contrast, the white mica-quartz bands consist of newly formed white mica with grain sizes down to 3 μm (Fig. 4) . Handpicked large micas originate from the schistose host and have an unknown history. Fine-grained white mica from both layers were selected for K-Ar dating.
The low-T mylonites are related to Pfaffenchopf deformation, which is very localized (Fig. 2) . Two low-T mylonites are investigated, which differ slightly in their mineralogy (Figs. 1, 2, 3 and Table 1 ). In addition, four fault gouges are selected for analysis. These fault gouges are subdivided into two from the Handegg area (overprinting ductile Handegg shear zones) and two from the Innertkirchen area (close to low-T-mylonites; Fig. 2a ).
Methods

Sample preparation
The mylonite samples are crushed by Selfrag mineral liberation (Zwingmann et al., in review; Sperner et al., 2014; Giese et al., 2010) . Gouge samples consisted of > 0.5 kg cohesionless material providing fine clay like material, sand fraction and mineral aggregates. The fine clay material is associated with the gouge formation, and no artificial mineral liberation was required. Both artificially liberated mineral samples and cohesionless gouges samples where then sieved to obtain particles < 500 μm. Grain size fractions of 6-10 μm and 10-20 μm were separated by gravity settling using Stokes law (Atterberg settling tubes). In addition, grain size fractions < 0.8, 0.8-2, 2-5, 2-6 μm were obtained using a swing rotor centrifuge. Large grain sizes (> 60 μm) were handpicked (Table 2 ).
Microstructures, element mapping, mineral chemistry and thermobarometry
Thin sections were cut from larger rock fragments and aggregates; these sections were then studied with the optical light microscope to confirm the host rock composition. Petrographic investigations involved light and electron microscopy. Scanning electron microscopy was performed on a ZEISS EVO50 using backscatter and charge contrast images. Electron microprobe analyses (EMP) were performed using a JEOL superprobe JXA8200 instrument at the Institute of Geological Sciences of the University of Bern. The analysis of sheet silicates was conducted at 15 kV and 5-8 nA, using natural and synthetic standards for major elements (SiO 2 , Al 2 O 3 , FeO, MnO, MgO, CaO, Na 2 O, K 2 O). Xray element mapping was conducted using wavelength dispersive spectrometers at 15 kV and 100 nA with dwell time ranging between 100 and 200 ms. The compositional maps were standardized using a series of spot analyses measured on the same area. The data were reduced using the program XMapTools 2.2.3 (Lanari et al., 2014a) . The primary data (X-ray counts uncorrected for background) were standardized after the classification using the automatic function provided in XMapTools. Structural formulae calculations (on a basis of 11 and 14 atoms of oxygen for K-white mica and chlorite, respectively) were applied to all the pixels based on the atom site repartition models used in the thermodynamic models (see below). The pixel compositions of Kwhite mica and chlorite are reported as element maps (in atoms per formulas unit) to highlight the relationships between the compositional zoning and the microstructures (see Scheffer et al., 2016) . Fig. 1 . Map of the Haslital with the Innertkirchen area to the north and the Gelmersee area in the south. Indicated are the surface locations and the tunnels where samples were taken. Also the main ductile shear zones are indicated (Baumberger, 2015; Wehrens et al., 2017) .
A. Berger et al. Tectonophysics 721 (2017) 179-195 a) b) c) A. Berger et al. Tectonophysics 721 (2017) 179-195 The chemical subdivisions into distinct groups are based on differences in mineral chemistry related to substitutions. The compositional variability of chlorite in the system SiO 2 -Al 2 O 3 -FeO-MgO is described by three main substitutions ( ) 3 = 2Al (Cathelineau and Nieva, 1985; Lanari et al., 2014c) , whereas additional substitutions take place in the ferric system (Trincal and Lanari, 2016; Vidal et al., 2016) . The compositional variability of K-white mica is modeled in the system SiO 2 -Al 2 O 3 -FeO-MgO-Na 2 O-K 2 O, based on the definitions of Dubacq et al. (2010) , using the following end-members:
; and paragonite (Si 3 Al 3 ☐ 1 Na 1 O 10 (OH) 2 ). The main exchanges led to vacancies in the A-site due to K-free components and to changes in Al(tot) related to celadonite and pyrophyllite exchange reactions (e.g., Parra et al., 2002; Dubacq et al., 2010) . This led to the main exchange vectors: paragonite-muscovite exchange [KNa − 1 ], tschermak: Si + (Mg 2 + , Fe 2 + ) = 2Al and pyrophyllite-vector
. P-T estimates of high variance assemblages are generally achieved with the technique of multi-equilibrium (Vidal and Parra, 2000; Vidal et al., 2016) . Several calibrations have been developed and the most recent of them are used in this study: Chlorite + Quartz + Water (Lanari et al., 2014a (Lanari et al., , 2014b (Lanari et al., , 2014c and Phengite + Quartz + Water (Dubacq et al., 2011) . A comprehensive description of this technique based on the progressive hydration of the vacancies along a P-T divarient equilibrium curve is provided together with application examples in Lanari et al. (2012) . Computations were achieved using the in-house program ChlMicaEqui (Lanari, 2012) .
Clay minerals
Oriented sample separates were achieved by settling of the grain size fractions onto silica wafers. Diffractograms were made for all grain size fraction using XPERT PRO PANalytical diffractometer with CuKα radiation and 40 kV/40 mA. Samples were scanned over the range 2θ = 4-60°at 0.0167°2θ/s. Additional measurements of the smallest grain size fraction for air dried, glycolated and heat treated slides were performed in order to distinguish between smectite, kaolinite and chlorite (Moore and Reynolds, 1989) for which sample separates were sedimented onto glass slides. The diffractograms were obtained using a 
Abbreviations: C: centrifuge, A: Atterberg, P: hand-picked, X: XRD, G: glycolated, H: Heat treated, TS: thin-section.
A. Berger et al. Tectonophysics 721 (2017) 179-195 Philips PW 1710 diffractometer with samples scanned over the range of 2θ = 2-40°at 0.02°2θ/s (Table 2) . In selected gouges, the diffraction pattern was Rietveld-refined with TOPAS-Academic V6 (Coelho, 2012 ). For refinement, March-Dollase preferred orientation parameters of both illite structures (1 M and 2 M) were constrained to the same value (0.565(3)).
K-Ar dating
A standard method, described elsewhere (Dalrymple and Lanphere, 1969) , was used for K-Ar dating. The potassium content was determined by atomic absorption. Duplicate K determination on several samples and standards resulted in a pooled error better than 2.0%. A procedure comparable to the one used by (Bonhomme et al., 1975) was used for Argon isotopic determinations. Several hours of pre-heating under vacuum at 80°C served to reduce the amount of Argon adsorbed onto the mineral surface during sample preparation.
Argon was extracted from the separated mineral fractions by fusing samples within a vacuum line serviced by an online 38 Ar spike pipette.
An on-line VG3600 mass-spectrometer was used to measure the spiked Ar via Faraday cup. The 38 Ar spike was calibrated against biotite GA1550 (McDougall and Harrison, 1999) . After fusion, the released gases underwent a two-stage purification procedure via CuO and Ti getters. A systematic determination of blanks for the extraction line and mass spectrometer was carried out. The mass discrimination factor was determined by airshots. Argon analyses required around 20 mg of sample material. During the course of this study, the international standards GLO (Odin et al., 1982) and HD-B1 (Hess and Lippolt, 1994) were measured several times (n = 5). The error for Ar analyses is below 1.00% (Table 2 ) and the 40 Ar/ 36 Ar value for airshots averaged 295.05 ± 0.35 (n = 5, Table 3 ). 40 K abundance and decay constants suggested by Steiger and Jäger (1977) allowed for K-Ar age calculation. Errors are listed within 2 sigma.
Results
Mylonites
Sample GRS05 contains fine-grained deformed layers. The latter consist of biotite, white mica, quartz, epidote and minor amounts of feldspar (Figs. 3, 4 ; Table 4 ). The fine-grained biotite and white mica (4-50 μm) are related to syn-deformational (re)crystallization. The mylonite contains large mica flakes (100-400 μm), with unknown predeformation history and newly formed grains related to mylonitization (down to 3 μm).
The EMP-analyses of white mica from sample GRS06 show one composition ( Fig. 5 ; Table 5 ). This composition is consistent with the white mica in mylonitic bands as well as in the surrounded schistose material. Sample GRS05 shows only limited spread in white mica composition with an average SiO 2 content of 47 wt%, this is notably independent of grain size. The Na 2 O content is below 0.1 wt%. For comparison the white mica from sample KAW2214 is measured (Figs. 1 and 5; Table 1 ). The biotite bearing mylonites contain white mica with low Na content, but a slight temperature effect from north to south can be inferred (Fig. 5) . These data overlap with white mica compositions from the literature further south (Challandes et al., 2008; Goncalves et al., 2012) . The ductile deformed samples show a consistent K-Ar age range, which is spread between 11.8 ± 0.2 and 13.6 ± 0.3 Ma (Table 6 ; Fig. 6 ). The different grain size fractions give similar ages inside one sample and no relationship between grain size and age can be observed.
Low-temperature mylonites
Microstructures
Two investigated samples deformed at the frictional-viscous transition (see Table 1 ). Deformation conditions are characterized by brittle deformation of feldspar and quartz. Quartz grains occasionally show bulging recrystallization. The overall deformation has been classified as ductile, which is caused in the deformation-behavior of the sheet silicates. However, also large white micas and chlorite (100-400 μm) are observed (Fig. 7b, c) . They show bending into strain localization planes (Fig. 7) . These planes are characterized by both fine-grained phase mixtures and local chlorite/mica intergrowth. In addition local hydrothermal veins developed, which are related to brittle deformation (see the base of the optical microphotograph in Fig. 8a ). The micas dominate the deformation. The white micas are designated into the following microstructural groups (Table 7) : mi1: Several large grains occur as relics in the mylonites. This microstructure is more frequent in sample Gr66 as in sample Ga14-2 (Figs. 7 and 8) .
mi2: This microstructure is characterized by small grains in the direct vicinity of larger mica grains Fig. 7) . The process of dynamic recrystallization could be responsible of this microstructure type. However, the single slip-plane of mica makes dynamic recrystallization problematic (e.g., Shea and Kronenberg, 1992) . Alternatively, fracturing in combination with preexisting stacking faults can produce such a microstructure. This indicates fracturing inside the preexisting grains and their shearing along the (001) plane. The grain size of identified new grains is in the range of 2-5 μm.
mi3: These micas grew while isolated in the recrystallized quartz or quartz/feldspar matrix by solution/precipitation (Fig. 7) . The grain size of this group is relatively constant (2-5 μm; Table 7 ). This microstructure is comparable with the microstructure in the intermediate temperature mylonites.
mi4: Mica pseudomorphs grown at the expense of precursor minerals (Figs. 7 and 8 ). These pseudomorphs are occasionally dominated by white mica, but also chlorite-white mica mixtures occur. In addition, fine-grained alteration of feldspars is observed, producing muscovite and, locally, epidote. The chemical composition of such white micas A. Berger et al. Tectonophysics 721 (2017) 179-195 may have been controlled by the local bulk composition during the reaction that probably differs from the local bulk composition of the matrix (see details in Section 5.2.3). mi5: This group of mica can only be identified in combination of microstructure and mineral-chemistry data. This process developed patches with variable chemistry (Figs. 7, 8 ). Such changes of chemistry without obvious change in microstructure requires a process described as pseudomorphic replacement (Putnis, 2002; Airaghi et al., 2017) . Such replacement structures can be inferred in single grains as well as in grain aggregates (Fig. 7) .
Mineral chemistry and P/T data
The mineral-chemistry of the white mica is divided into the following compositional groups: (A) low Al (high Si)-contents; (B) high Al (low Si) at similar Na contents; and (C) high Al and high Na contents (Fig. 5) . The compositional group A is characterized by high Si content (Si~3.3 apfu (= atoms per formula unit)), low Al content (Al 1.5 apfu), high Mg content (Mg~0.23 apfu) and low Na content (Fig. 5 ). This group is systematically associated with newly formed chlorite and is interpreted as newly formed grains. These newly formed white mica indicate temperatures in the range of~300°C (assuming a pressure of 3-4 kbar and a H2O = 1; Fig. 9 ). This result is consistent with independent temperature estimates derived from chlorite compositions associated with such white micas (Fig. 9) . In sample Ga14-2, rare and isolated calcite grains indicate possible lower water activity (if calcite is reacting at the same time as the white mica). A lower a H2O would slightly decreases the resulting temperature for the white mica by 20-30°C (Fig. 9) . The group-C micas are related to alteration of group-A mica and new growth in hydrothermal pockets. These micas are characterized by high, but variable Na-contents. Some of the high Na contents are associated with decreasing interlayer content (increase of the pyrophyllite component, Fig. 10b ; see Section 6.2).
Ar-data
Six fractions from two samples are measured, which yield apparent K-Ar ages between 19.9 ± 0.4 Ma to 39.8 ± 0.8 Ma (Tables 3 and 6 ; Fig. 6 ). The coarse grains are systematically older than the fine fraction (Table 6 ). However, the absolute values of ages at given grain size differ between the two samples. The fine grain size fraction (< 0.8 μm) of sample Ga14-2 is apparently older than the fraction 2-6 μm in Gr66 (Table 6 ). However, the selected large grains have apparent ages in the same range (37 and 40 Ma; Table 6 ; Fig. 6 ), which is significantly lower than literature data from undeformed samples in the area (compare white mica age of KAW2385 versus Gr66/Ga14-2; Table 1 ).
Fault-gouges
Gouges from the southern-and the northern areas are investigated ( Figs. 1 and 2 ; Table 1 ). Sample He12 from the southern area is collected from a several cm wide fault gouge overprinting a ductile shear zone (Table 1) . The symmetric shear zone shows an increase of deformation from weakly deformed host rock over schistose granite to mylonite. Orientation of the fault plane is steeply south dipping. The fault gouge in the centre with a width of several cm consists of fine clay material, where a lineation measured on the clay surface is subhorizontal. This lineation can easily be swiped away by hand and has been established as a slickenside lineation (Doblas, 1998) . This type of slickenside may develop by the ploughing of harder minerals (i.e. quartz) into the clay matrix during block movements. The gouge is cohesionless and no defragmentation was required prior to clay separation ( Table 2 ). The second sample from the southern area (sample He15; Table 1 ) is collected from a 10 cm wide fault zone. The shear zone is asymmetric and ranges from weakly schistose granitoid in the south toward mylonite (Fig. 2) . The orientation of the fault surface is Table 1 )
. (b) details of part (a). (c) data from the low-T mylonites (Gr66, Ga14-2).
A. Berger et al. Tectonophysics 721 (2017) 179-195 steeply dipping toward the south. The slickenside lineation on the clay surface is subhorizontal. Also here, collected material consists of fine clay material with a contribution of larger fragments. The investigated fault gouges of the northern area are cross cutting all other structures (Figs. 3 and 4) . They are both NE-SW to NEE-SWW striking and steeply dipping toward the south. A lineation plunging down dip was visible on the gouge surface of sample Ik1206, whereas the lineation on the clay surface of Ik1206 is subhorizontal in orientation. These fault gouges are about 10 cm wide. All fault gouges consisted of fine-grained matrix material and fragments. The fragments are relics inside the gouge, which show a composition/microstructure similar to the proximal mylonites. The mylonitic microstructure is preserved in these fragments confirming the overprint of a former a ductile shear zone by the fault gouge. The two northern samples differ in their microstructures from the incorporated clasts. Sample Ik1206 shows in all inspected fragments highly mylonitic structures with finegrained mica aggregates as described before for the low T-mylonites of the area (Fig. 11) . The mineral-chemistry of these micas is comparable with those of adjacent mylonites (Fig. 11) . In contrast, blocky quartz and large mica grains characterize sample Ik1202 (Fig. 11) . The gouge material itself contains smectite, chlorite and illite/white mica and kaolinite (Table 4 ). The smectite fraction is the highest in the smallest grain size (< 0.8 μm). Furthermore, the proportion of smectite increases with the decreasing grain size. This indicates that smectite is newly formed in the small grain size fraction (Table 4) . This is better evolved in the southern than in the northern samples (Table 4) . Illite, Table 5 Composition of the analyzed samples and grain size fractions. Note that the distinction between chlorite and smectite has only been made for the finest grain sizes of the gouges. The amount of each phase is estimated and indicated from minor to dominant with "x" to "xxxx" respectively. The "(x)" refers to a phase which could not unequivocally be determined.
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Grain A. Berger et al. Tectonophysics 721 (2017) 179-195 quartz and chlorite/kaolinite were identified in the fine-grained fractions. Rietveld refinements demonstrate the occurrence of both 1 M and 2 M structures (see Section 4.3). XRD-data results point to a~15% fraction of M1-structures (M2-illite:~77%, Quartz:~8%, Kaolinite/ Chlorite:~1%; Fig. 12 ). As already mentioned for smectite (Table 5) , the amount of newly formed low-grade clay minerals is insufficient to date these phases (see below; the potential to unravel the difference in age between the inherited minerals and newly formed minerals, which is short in the investigated examples). The fault gouges of the southern area (sample He12 and He15) show an age spread between 11.3 ± 0.3-14.4 ± 0.4 Ma with the exception of the smallest grain size of sample He15 (Fig. 6) . The latter data can be excluded, because of the low K-content (Table 6 ). The fault gouges of the northern area differ between the two sample sites, but in both samples no relationship between grain size and age can be inferred (Fig. 6) . Sample Ik1202 show ages between 33.0 ± 0.7 and 36.8 ± 0.7 Ma, whereas sample Ik1206 gives results of apparent ages between 18.9 ± 0.4 and 21.1 ± 0.4 Ma ( Table 6 ). The different age groups of these two samples correspond well with completely different microstructures of the clasts in these samples (Fig. 11) .
Discussion
The results for mylonites, low-T mylonites and cohesionless fault gouges illustrate changes in the size of equilibrium-volumes, which is related to temperature and deformation conditions. In the following, the different tectonites are first addressed separately and then compared and integrated in a general model (see Section 7).
Hydrothermal veins inside mylonites
Sample GRS06 shows multiple veins consisting of mylonitized pure quartz and white-mica quartz aggregates (Fig. 4) . Neocrystallized white mica in the deformed vein with a grain size of 2-6 μm is compared with larger fractions, up to handpicked mineral sizes. The K-Ar ages for the different grain size fractions are, within uncertainty, identical (Fig. 6) . In principal, the obtained age could be related to (i) diffusive re-equilibration, (ii) net-transfer reactions and recrystallization, or (iii) inheritance of older deformation/metamorphic phases (e.g., Villa, 1998; Allaz et al., 2011; Villa et al., 2014) . Dodson-type cooling ages are based on diffusional length scale and should relate to grain size (Dodson, 1973) . This is not the case in the high temperature mylonite samples, and the meaning of the ages as diffusive re-equilibration or "cooling age" (i) can therefore be dismissed (Fig. 6 ). More recent studies proposed fluid circulation and recrystallization as important processes in closing the isotopic system (Villa and Hanchar, 2013; Allaz et al., 2011; Villa, 1998) . Our structural data indicates that the newly formed white mica is the result of recrystallization (Section 4). Any inheritance (iii) of an older deformation phase or crystallization would be noticeable, especially in the age of larger grains (Villa et al., 2014) , which is again not the case in these samples.
The obvious deformational induced recrystallization of the fine fraction and the, within error, similar ages of the large grains indicates contemporaneous deformation and hydrothermal veining (ii). The age of larger handpicked grains may reflect a hydrothermal event with subsequent deformation. This excludes mixed ages for the recrystallized micas in these mylonites. The resulting age in this sample is therefore linked to the hydrothermal activity during shearing of the mylonite.
Mineral reactions, mica petrology and P-T data in low-T mylonites
The low-T mylonites contain different microstructures, some of them are connected to precursor minerals (e.g., mi4: pseudomorphs, mi5: pseudomorphic replacement, Table 7 , Section 5.2). In these two example microstructures, a net-transfer reaction is necessary. Two important groups of reactions are inferred from microstructures and inherited minerals:
(1)
Replacement structures and re-or neocrystallization require reaction of the type:
In contrast to reactions (1) and (2), reaction (3) does not necessary require the nucleation of new crystals and can be accommodated by diffusion, dissolution/reprecipitation and mineral replacement (Putnis, 2002; Putnis and Austrheim, 2013; Fig. 8) . Independent of the inferred reaction, the product compositions are different. It is important to highlight here that the compositions of the newly formed white micas define characteristic compositional groups that are observed at the thin section scale suggesting the achievement of local equilibrium. The local equilibrium is not only controlled by the local solid phases, but also by the fluid. The occurrences of limited mica-compositions indicate an important role of the circulating fluid for such local equilibriums.
The combination of microstructures and mineral-chemistry data document mainly a change from chemical composition of group A to group C. This change in mineral-chemistry requires an exchange vector of the type K -1 Al -1 Si, which can be written as an exchange reaction:
or:
This suggests not only a change in the Si/Al ratio, but also an increase in vacancies (pyrophyllite component). However, the detected increase in vacancies is systematically small and the major change is related to K e1 Na exchange (Fig. 10) . The change in K/Na ratio in the white mica requires either transport of these elements in a fluid and/or a reaction involving K/Na minerals (i.e. feldspars).
The change in composition between groups A and C includes possible paragonite-, celedonite-and pyrophyllite exchange vectors (e.g., Livi et al., 1997; Agard et al., 2001; Dubacq et al., 2010). The K-and Na-data mainly shows a paragonite exchange (NaK − 1 ; Fig. 10a ). An Table 6 for more details).
A. Berger et al. Tectonophysics 721 (2017) 179-195 increased paragonite component in white mica coexisting with paragonite is related to a temperature increase, which can be derived from the shape of the muscovite-paragonite solvus (e.g., Keller et al., 2005) . If paragonite is not present, the absolute Na-concentrations depend on the coexisting phases and fluid, i.e. the composition of the equilibrium volumes (=reactive bulk composition, see Lanari and Engi, 2017) . Large variations of Na-content and Si/Al ratios occur in sample Gr66, where the micas with higher Na contents (group C) clearly formed along the retrograde path, i.e. at lower temperature than the Na-poor Kwhite micas.
6.3. Relationship between microstructure, mica composition and Ar-data in low-T mylonites
The different mica compositions occur at different microstructural positions in the different samples (Fig. 13) . For example, the high-Na mica in sample Ga14-2 is observed in the highly deformed domains (Fig. 8f) , in the grains of the upper section of Fig. 8a , and around the garnet porphyroblast (see Fig. 8a ). But this group also occurs as small grains in the matrix (microstructure "mi3", see A. Berger et al. Tectonophysics 721 (2017) 179-195 (caption on next page)
A. Berger et al. Tectonophysics 721 (2017) 179-195 position and composition is not unique, but again only a limited number of compositional groups can be defined (Fig. 5) . For example composition "C" occurs in replacement structures and at locations of recrystallization (Fig. 13) . Moreover, the composition of white mica seems to be independent of the local mineral assemblage. The occurrence of the same white mica composition in different microstructures indicates equilibrium with a fluid. It is important to note here that a large part of the rock is not reacting during the formation of the new white mica generation. This process can explain the formation of white mica with the same composition in domains with different unreactive assemblages. The equilibrium volume depends on the type and size of the fluid-mineral exchange volume. In our sample the changes from one to another compositional group suggest change in the P-T-(X) conditions. However, the differing equilibration volumes depend on microstructure and the related equilibration processes between fluid and deforming mica (e.g., Putnis, 2002; Lanari et al., 2014b; Airaghi et al., 2017) . Changing P-T conditions along a given P-T-D-t path involve tectonic processes. This prerequisite has been intensively invoked at other locations with the combination of petrological and Ar investigations (McAleer et al., 2017; Lanari et al., 2014b; Sanchez et al., 2011; Augier et al., 2005; Agard et al., 2002; Markley et al., 1998) . In in-situ laser ablation studies for instance, the microstructure of micas were successfully linked to Ar isotope ages (e.g., Agard et al., 2002; Schneider et al., 2013; Mulch et al., 2002) . Some studies extracted Ar from carefully selected areas of multiple grains (e.g., Agard et al., 2002) , whereas other studies select large single grains (e.g., Mulch et al., 2002) . Several issues in such datasets can be overlooked without direct petrological control (see this study, Kellett et al., 2016) . From a theoretical point of view, only the newly formed (and isotopically reset) grains should be analyzed and they remain small in the temperature range of interest (e.g., Gueydan et al., 2003) . The complexity of white mica major element chemical zoning has been highlighted in several studies and the re-equilibration commonly involves dissolution- (c), (d) phase distribution of the map (e) Al in white mica distribution (unit: atoms per formula unit, apfu). (f) Na in white mica (apfu). The pixels in red are paragonitic mica, whereas the pixels in green (Na = 0.3-0.5 apfu) are mixing analysis between K-white mica and paragonitic mica. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Lanari et al. (2014a Lanari et al. ( , 2014b Lanari et al. ( , 2014c precipitation processes instead of new growth (Scheffer et al., 2016; Airaghi et al., 2017) . To obtain isotopic analyses of the newly grown crystals only, one can apply analyses for different grain sizes and select the smallest fraction. Therefore, grain size sensitive analysis may be the optimal tool to unravel such processes with K-Ar techniques. This method has been successfully applied to fault gouges (e.g., Zwingmann, 2014 and references therein). Conventional KAr dating was used instead of 39 Ar/ 40 Ar dating to avoid 39 Ar recoil artifacts or encapsulation corrections (Zwingmann, 2014) . In the investigated example, recrystallization and fracturing of mica produces isolated, ultrafine grains (Figs. 7, 8, 13, 14 and Table 7 ). The selection of these fine grains may relate to the dominant deformation stage of the sample. However, as seen in the mineral chemistry also relic chemistry can be retained in small grains, if fracturing is an important process (Figs. 7, 8 and Table 7) . Vice-versa, large grains can change their chemistry by replacement processes without changing the grain size (Putnis, 2002; Airaghi et al., 2017) . This allows perturbation of isotope information in different grain size fractions, which corresponds with an apparent partial resetting of the large grains in comparison to literature gneiss data (Table 1 ). In addition, relics of fractured grains are responsible in the fine fraction for apparent ages being too old (Fig. 14) . Neither the grain size nor the position of certain micas correlates with chemical groups of micas.
Isotope data in gouges
Dating of gouge formation can be successful if K-bearing phases are neoformed (e.g., Zwingmann, 2014; Bense et al., 2014; Viola et al., 2013; Clauer, 2013; Pleuger et al., 2012; Solum et al., 2005; Zwingmann and Mancktelow, 2004; Zwingmann et al., , 2010 van der Pluijm et al., 2001; Torgersen et al., 2015; Mancktelow et al., 2015; Viola et al., 2016) . In this context, knowledge of the amount of newly formed illite versus inherited detrital muscovite is important to assess the significance of "mixed" ages. In the investigated gouges, the following points can be highlighted:
(1) Gouge samples show no systematic trend between grain size and age (Fig. 6 ). A. Berger et al. Tectonophysics 721 (2017) 179-195 were applied). In this view, the gouge hosts similar processes as the multistage samples. However, due to missing newly formed K-phases during gouge formation, no age information for the brittle deformation can be gained. The K-bearing relics in the gouges can be seen as chemically unaltered fragmented minerals originating from the precursor mylonites. The K-Ar ages of the gouges are therefore similar to the surrounded mylonites, which is the 12-14 Ma isotope ages in the southern area (sample He12 and He15) and the apparent 19 Ma data in the Innertkirchen area (Table 6 ). These ages are most likely inherited from surrounded material, indicating a mechanical grain size reduction processes during brittle deformation (fracturing of sheet silicates). Furthermore, the sometimes used mineralogy (e.g., M1 versus M2-illite; Solum et al., 2005 , 2010 , Fitz-Diaz and van der Pluijm, 2013 does not correlate with apparent ages gained from K-Ar dating in our example (Tables 5 and 6 ). Our results, as data in other studies, indicate that K-Ar dating should be considered in combination with microstructural and other chemical analysis (e.g., Mancktelow et al., 2015) .
Geological implications for the Aar-massif
The presented Ar-data in the mylonites record ductile deformation in the central part of the Aar-massif (see Tables 2 and 6 ). The obtained new data are similar and overlap with results further south ( Fig. 15 ; Rolland et al., 2009; Challandes et al., 2008; Rossi and Rolland, 2014 ; Table 1 ). Considering the uncertainty, the deformation age of the investigated Handegg-and the strike-slip shear zone in the center of the massif are overlapping. This model fits well with the suggested transition of the two phases at~12 Ma as documented by synkinematic open cleft monazite in the Oberaar area further south (Bergemann et al., 2017) . Owing to aforementioned structo-chemical interactions, and the lack of an adequate spatial analysis technique for fine-grained minerals, the K-Ar data in the northern area provides no constraints on the timing of the Pfaffenchopf-and Gadmen-deformation phases. However, all data in high strain tectonites differ from literature data, which is derived from less deformed host rocks (Table 1; Dempster, 1986) . Therefore, only the detail knowledge of overprinting relationships and geological evolution allow the interpretation of such fault-related data.
Summary of white mica evolution
Comparing different deformation processes in granitoid to gneissic basement units, both the mechanical role of deformation and the abundance of sheet silicates increase with decreasing temperature. With decreasing metamorphic grade, microstructures of polymineralic assemblages indicate an evolution from viscous granular flow over solution/precipitation to fracturing, finally resulting in frictional granular flow of sheet-silicate-rich fault gouges. This occurs over a range of varying mineral stabilities, from biotite bearing mylonites over lowtemperature mylonites containing white mica/chlorite down to smectite-bearing cohesionless gouges (Fig. 14) . Particularly the deformation behavior of white mica is linked to mineral reactions, which influence both the chemical adaptation processes and the grain sizes. At high temperatures, the micas are chemically completely equilibrated/reset during multiphase viscous granular flow by processes like dissolution, mass transfer and precipitation within the entire aggregate. This resetting allows robust K-Ar dating of such rock types by multigrain analysis. In the low temperature mylonites, fracturing becomes increasingly important, and local mineral equilibria dominates (Fig. 14) . The combined variable efficiency of different chemical exchange processes generates white mica in different grain sizes and compositions. At these conditions, kinetics and the resulting local mineral-chemistry depends strongly on the intergranular transport, reactive bulk composition and the solubility of elements in fluids. The reactivity of white mica is related to the exchange rate with a fluid. This exchange (or Fig. 12 . XRD spectra and Rietfeld modeled 2 M and 1 M structures in gouge in the fraction 0.8-2 μm (sample IK1206). See also the smectite contents (Table 5) (Table 7) . Capital letters indicate the chemical mica groups (see Fig. 6f +g) .
A. Berger et al. Tectonophysics 721 (2017) 179-195 equilibration) rate depends on grain size and the overall intergranular connectivity, but can generally be said to decreasing with temperature. Although fluid accessibility is enhanced in the fault gouges and chemical precipitation processes still occur, the latter being demonstrated by the formation of smectite, temperatures and K-activity are too low for white mica/illite equilibrium on the retrograde path in our samples. Identifying equilibrated mica at the sample scale requires the combination of microstructural data and mineral chemistry. The increasing role of fracturing in low temperature mylonites and decreasing exchange volumes with fluids allows for the preservation of different micas along the T-D path of the investigated mylonites. This preservation in combination and the knowledge of local equilibrium is an important aspect for selecting micas for geochronology but can also be used as a chemical proxy for the detection of local equilibria/disequilibria. Fig. 14 . Sketch of different microstructures described along the temperature evolution. Fig. 15 . Distribution of white mica Ar-ages along the Haslital. Data are from Table 1 . Individual apparent ages are written close to sampling points projected into a N-S profile.
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